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Introduction
The magnitudes of the direct and indirect effects of atmospheric aerosol on scattering and absorption of solar radiation continue to contribute significant uncertainties to assessment of radiative forcing of the Earth's atmosphere. 1 Reduction of these uncertainties requires improved methods of laboratory determination of the optical properties of aerosol particles and their change with ambient relative humidity or oxidative chemical processing. Studies on single particles, confined within optical or electrodynamic traps, now provide precise measurements of aerosol refractive indices and phases, hygroscopic growth, evaporation of semi-volatile components, and other properties of importance for their atmospheric behaviour. [2] [3] [4] [5] [6] These trapping-based techniques are most applicable to single particles with radii greater than 1 μm, but the smaller accumulation mode particles are of greater significance for atmospheric processes. 4 In a recent publication, we demonstrated that absolute extinction cross sections for single submicron radius spherical aerosol particles can be measured with high precision by combining optical confinement and levitation of a particle with cavity ring-down spectroscopy (CRDS). 7 The change in ring-down time (RDT) when a particle is moved from well below the optical axis (z) of the ring-down cavity (RDT = 0) to the height of the centre axis of the Gaussian TEM00 cavity mode (RDT = ) is given by:
Here, w is the beam waist of the cavity mode at the location of the particle, L is the length of the cavity, c is the speed of light and σ is a phenomenological extinction cross section deduced from the experimental measurements. If the particle position deviates by a radial distance R from the centre axis of the Gaussian TEM00 mode, the measured extinction is smaller by a factor of (− 2
⁄ )
than the value on-axis. 8 Fine control over the position of the trapped particle with respect to the centre of the TEM00 mode was therefore implemented by confining the particle within a Bessel beam (BB) with a 4.5-m diameter core that propagated vertically (defining our x coordinate). The particle position within the TEM00 mode of the horizontally propagating CRD beam was controlled either by varying the height of the particle (i.e., the axial position x of the particle in the BB) or by moving the particle horizontally by translating the BB orthogonally to the CRD axis (along a coordinate denoted as y).
In the current study, we report observations of the evaporation of a droplet of a semi-volatile organic liquid, 1,2,6-hexanetriol by measurement of changes in extinction cross section with time.
We also account quantitatively for scatter in the experimental data by treatment of the interaction of the particle with the standing wave of the intra-cavity probe laser beam as the particle undergoes Brownian motion within the spatially confining core of the BB. Data analysis incorporating this latter effect provides a precise determination of the refractive index of the droplet.
Extinction cross section determination in an optical cavity
For experimental measurements of single-particle optical properties, we used the same apparatus as in our previous study, 7 which is illustrated schematically in figure 1 . The figure also defines our choice of x, y and z coordinates. Radiation pressure from the trapping Bessel beam opposed the downward forces from gravity (insignificant for the small particles used in this work) and the drag force from a regulated gas flow. Feedback control of the laser beam power maintained the particle on the TEM00 mode axis while it underwent size reduction associated with evaporative loss of a semi-volatile component. AOD is an acousto-optic deflector and PD is a photodiode. The inset shows an enlarged view of the overlap of the CRDS and Bessel beams, a trapped aerosol particle, and the coordinate system used in the text.
If the spherical particle were illuminated by travelling plane wave radiation, the value of σ retrieved from equation (1) would correspond to the extinction cross section for Mie scattering, σext. This parameter is intrinsic to the particle, and is determined by its size and composition. Its measurement should not depend on the particle's axial (z) location in the ring-down cavity, provided the known change in beam waist with distance from the cavity end mirrors 9 is correctly treated in equation (1) . For plane wave illumination, the extinction cross section of the particle is related to its geometric cross section (geom=r 2 for a particle of radius r) by = . The extinction efficiency, Qext depends upon the refractive index of the particle (m = n + ik, with n and k the real and imaginary components, respectively) and the size parameter, xp = 2r/, which is the ratio of the particle circumference to the wavelength of the light (). However, the light trapped within an optical cavity forms a standing wave along the cavity axis z which can be described by two counterpropagating plane waves. Miller and Orr-Ewing 10 previously obtained a theoretical expression for the modification to the measured extinction coefficient that connects the scattering of a standing wave to plane wave Mie scattering. When the particle radius is comparable to the wavelength of the light, the experimentally determined phenomenological cross section of equation (1) depends on the axial location of the centre of the particle, and specifically, whether the particle's centre is coincident with a node, an extremum (anti-node) or some intermediate portion of the standing wave.
Miller and Orr-Ewing defined a phase parameter (z) which modifies the Mie extinction cross section to account correctly for the effect of the standing wave structure on measurements in a ring-down cavity. The true Mie extinction cross section (σext) and the phenomenological value derived from the CRDS measurement are related by:
The phase parameter depends on the size parameter and refractive index, and a method for calculation of (z) was reported previously. 10 Figure 2 compares the variation in (z) for a particle centred at an extremum of the intra-cavity standing wave (z = 0) and at a node (z = /4). Between Figure 3 shows the values of the extinction efficiency for a dry 1,2,6-hexanetriol droplet undergoing evaporation, estimated from the measured fluctuations in RDT. The particle was held centrally in the ring-down cavity TEM00 mode both radially (along x and y) and longitudinally (along z) using a 4.5 μm diameter Bessel beam core. Both the Bessel and the CRDS beams were generated from 532-nm wavelength light from a Coherent Verdi single mode continuous wave (cw) laser, as described previously. 7 A flow of dry nitrogen gas maintained a low relative humidity (RH < 10%) in the cell surrounding the trapping region. RDT measurements, from which Qext values were deduced, were made at a rate of ~10 ring down events per second. Phenomenological extinction cross sections were calculated from observed changes in RDT using equation (1), and converted to Qext values by dividing by geometric cross-sections. The particle radius was obtained from the analysis of interference fringes for light scattered from the trapping laser and collected over a known angular range (the phase function). [11] [12] [13] In the analysis described in section 5, the beam waist of the TEM00 mode was obtained as 279 m, which compares well to the value expected for our design of linear optical cavity of 272 m. 9 Experimental measurements are overlaid by Mie scattering calculations in (2) to account for the measurement of extinction by light scattering within an optical cavity. The thicker and thinner lines correspond respectively to a particle centred at a maximum or a node of the intra-cavity standing wave.
Extinction efficiency changes for an evaporating 1,2,6-hexanetriol droplet

Quantitative analysis of the distribution of experimental Qext values
The scatter of the CRDS measurements about the Mie theory curve merits further consideration.
One possible cause of this distribution of experimental values is that the particle was undergoing fluctuations in its vertical position in the Bessel beam trap, resulting in measurements at different values of the vertical displacement from the central axis of the TEM00 mode. However, the data were obtained with tight feedback control of the laser power to maintain the central position of the particle. Camera observations indicated that the maximum vertical displacement during an entire set of measurements was ~20 m. This maximum amplitude gives at most a 1 % change in the retrieved extinction cross-section. More representative displacements over timescales on which fluctuations in ring down events are seen are typically less than 5 m, corresponding to a 0.07 % change in the measured extinction cross-section. This variation is much smaller than the fluctuations evident in figure 3 . The vertical excursions of the particle are therefore deduced to be sufficiently small not to contribute significantly to the envelope of data points seen in figure 3 .
The scatter of the data points is more pronounced in proximity to resonances in the light scattering, and there are particular values of the droplet radius where the scattering in the range of measured
Qext values is narrower. The explanation for these observations lies in the random motion of the particles orthogonal to the propagation axis of the Bessel beam trap but along the axis of the CRD standing wave (i.e. along z). The Bessel beam core radius is larger than the particle radius, and the gradient of the electromagnetic field is much lower than for other forms of optical traps such as optical tweezers generated by tight focusing of a laser beam using a microscope objective. The particle is therefore relatively free to undergo Brownian motion in the horizontal plane over distances of a few microns from the centre of the BB core. In these excursions, the particle samples nodes and anti-nodes of the standing wave associated with the cavity TEM00 mode, as well as regions between. Two further curves have therefore been added to figure 3 to show the predicted Qext measurements for a particle located at a node (z =/4) or an antinode (z = 0) of the cavity standing wave. These curves, which show the expected limits of deviation from plane wave Mie scattering, satisfactorily enclose most of the distribution of the experimental data points about the Mie scattering curve. It is apparent from this envelope in the distribution of the experimental extinction efficiency that the particle motion samples at least an entire wavelength of the TEM00 mode. The simulated curves pass more tightly through certain ranges of xp and this behaviour is replicated in the experimental distribution of data points.
The calculated (z) values plotted in figure 2 show that, for a particle at a fixed position relative to a standing wave, deviations of a few percent from the standard Mie calculation of extinction cross sections persist for size parameters as large as xp = 30. However, the deviations can exceed 10% for xp < 20, and are further enhanced if a single particle can move between axial (z) cavity positions corresponding to a node and an extremum of the intra-cavity field. Consider, for example, a particle moving along the cavity axis with speed 0.1 m s -1
. The particle can traverse one or more wavelengths of the light over the timescale of a ring-down measurement, which commonly might exceed 10 μs. At each z-coordinate the particle presents a different effective extinction cross section so the ring-down intensity decay will not be a single exponential function of time. A standard exponential fit of the ring-down decay will therefore introduce further uncertainty into the determination of the optical properties of the particle, and hence scatter in the determined Qext values. Confinement of a single particle along the z coordinate to sub-wavelength precision, as well as radially in the centre of the cavity mode, has not yet been demonstrated. However, the effects of non-single exponential ring down events on extinction efficiency retrievals were previously modelled and quantified. 10 The example used here is a single component droplet, which simplifies the treatment of the refractive index in the Mie calculations of variation of Qext because a single value can be used for all particle sizes. However, we have also observed very similar behaviour for particles with two components, such as aqueous NaCl droplets with the composition, and thus refractive index, changing with size. Again, the scatter in Qext measurements obtained by CRDS as the droplet size decreased (with reduction in ambient relative humidity) is accounted for by the random motion of the particle along the cavity axis, within the bounds imposed by the Bessel beam core.
Refractive index determination for a 1,2,6-hexanetriol droplet
Despite the effect of particle position on the experimental RDTs, the study of single accumulation mode aerosol particles by CRDS using our Bessel beam confinement method offers significant improvements in the precision of extinction cross section and refractive index determinations over multiple particle measurements on a flowing ensemble of size-selected aerosol. [14] [15] Structure in the extinction efficiency resulting from resonances in the light scattering can be resolved, and provides precise constraints on the refractive index of the particle. In ensemble measurements, the averaging effect of the inevitable range of particle radii, even with initial size selection using a differential mobility analyser, smooths out much of this resonance structure. As we have shown here, the scatter in the single particle extinction measurements for a Bessel beam trapped particle is dominated by the lateral (z) motion of the particle in the optical trap. However, the limits of this scatter can quantitatively be accounted for by correct treatment of the interaction of a standing wave with the particle. Moreover, the envelope of scatter provides further information on the particle's optical properties because the refractive index is an input parameter to the calculation of  for different values of the size parameter. To demonstrate this concept, we computed Qext values as a function of xp using limiting cases of (z) with z = 0 and /4, and defined a figure of merit to be the fraction of the experimental data points that lie outside the envelope of these two calculated Qext curves. The calculations employed a value of the beam waist of the intra-cavity TEM00 mode, which can be determined from the separation and radii of curvature of the mirrors, or can be included as a parameter in the data analysis.
A best fit value for the droplet RI was selected to correspond to the minimum in our figure of merit, using the following procedure. The radius of the particle was estimated every second by fitting an experimental phase function to a Mie-simulated phase function computed for an initially estimated and fixed refractive index. Each CRDS-measured σext value can then be related to an estimated particle radius (and hence geometric cross-section). The evaluation of σext from CRDS data requires a choice of TEM00 cavity mode beam waist (equation (1)), which we included as a parameter in the analysis. We denote the initial refractive index and radius estimates by n1 and r1 respectively, and observe that the outcome of the fit did not depend on the starting choice of n1. The true particle radius (r2) and refractive index (n2) satisfy the condition 1 1 = 2 2 . Hence, by systematically varying n2 (and consequently the corresponding r2 value for each r1), modified Mie simulations as per equation (2) could be compared to the experimental CRDS data, which were collected over a range of droplet radii, to obtain a best value of n2. This analysis assumes that the refractive index is constant with droplet radius, and that droplet evaporation is sufficiently slow that its radius does not change during a CRDS measurement. Figure 4 illustrates how the figure of merit changed with choice of refractive index and TEM00 mode beam waist for analysis of the single-particle data shown in figure 3 . The plot shows a region in which the merit function is a minimum. We took RI and w values from the midpoints between the contour line in figure 4 where the merit function rises above the baseline noise (shown as a thicker line in the figure) . The fitting error in our refractive index determination for this particle was estimated using the distance from the chosen RI and w values to this contour line. The refractive index at 532 nm is expected to be higher than that at 589.3 nm if the typical trend in dispersion is followed. However, incorporation of some water (with n532 = 1.335) into the hexanetriol droplet from moisture in the particle trapping cell (RH < 10 %) might have the opposite effect. We can also compare the retrieved refractive index to a recent and independent measurement for 1,2,6-hexanetriol droplets from our laboratory of n532 = 1.482  0.001 (with 1 SD uncertainty). 16 The rate of evaporation from the hexanetriol particle is sufficiently low that a trapped particle samples multiple positions within the ring-down cavity standing wave while maintaining a given radius. As figure 3 demonstrates, the envelope of extinction efficiency points is therefore well defined. However, our chosen fitting method to derive refractive index, using the percentage of measurements lying outside the expected Qext envelope, does not depend critically on this thorough However, quantitative analysis of the envelope of this distribution of Qext can be used to advantage to improve the accuracy and precision of evaluation of the particle radius and refractive index. From measurements for four evaporating droplets of 1,2,6-hexanetriol, we determine a mean refractive index of 1.47824  0.00072 at a wavelength of 532 nm. 
